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FLOW THROUGH GAS SEPARATOR 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates generally to the field of direct oxidation fuel cells 
and, more particularly, to a flow through gas separator for separating out and directing 
the flow of gases produced in the reactions in the fuel cell. 

Background Information 

Fuel cells are devices in which an electrochemical reaction is used to generate 
electricity. A variety of materials may be suited for use as a fuel depending upon the 
materials chosen for the components of the cell. Organic materials, such as methanol or 
natural gas, are attractive choices for fuel due to the their high specific energy. 

Fuel cell systems may be divided into "reformer-based" systems (i.e., those in 
which the fuel is processed in some fashion to extract hydrogen from the fuel before it is 
introduced into the fuel cell) or "direct oxidation" systems in which the fuel is fed di- 
rectly into the cell without the need for separate internal processing. Most currently 
available fuel cells are reformer-based fuel cell systems. However, because fuel- 
processing is expensive and requires significant volume, reformer based systems are 
presently limted to to comparatively high power applications. 

Direct oxidation fuel cell systems may be better suited for a number of applica- 
tions in smaller mobile devices (e.g., mobile phones, handheld and laptop computers), as 
well as in some larger applications. Typically, in direct oxidation fuel cells, a carbona- 
ceous liquid fuel in an aqueous solution (typically aqueous methanol) is applied to the 
anode face of a membrane electrode assembly (MEA). The MEA contains a protoni- 
cally-conductive but, electronically non-conductive membrane (PCM). Typically, a 
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catalyst which enables direct oxidation of the fuel on the anode is disposed on the surface 
of the PCM (or is otherwise present in the anode chamber of the fuel cell). Protons (from 
hydrogen found in the fuel and water molecules found on the anodic face of the reaction) 
are separated from the electrons. The protons migrate through the PCM, which is imper- 
meable to the electrons. The electrons thus seek a different path to reunite with the pro- 
tons and Oxygen molecules involved in the cathodic reaction and travel through a load, 
providing electrical power. 

One example of a direct oxidation fuel cell system is a direct methanol fuel cell 
system or DMFC system. In a DMFC system, methanol in an aqueous solution is used as 
fuel (the "fuel mixture"), and oxygen, preferably from ambient air, is used as the oxidiz- 
ing agent. There are two fundamental reactions that occur in a DMFC which allow a 
DMFC system to provide electricity to power consuming devices: the anodic disassocia- 
tion of the methanol and water fuel mixture into CO2, protons, and electrons; and the ca- 
thodic combination of protons, electrons and oxygen into water. 

As noted, the DMFC produces carbon dioxide as a result of the reaction at the an- 
ode. This carbon dioxide is separated from the remaining methanol fuel mixture before 
such fuel is re-circulated. Carbon dioxide may be treated as waste, and removed from the 
system, or used to perform work within the DMFC system before it is vented or other- 
wise removed. For example, and not by way of limitation, the carbon dioxide gas can be 
used to passively pump liquid methanol into the fuel cell This is disclosed in United 
States Patent Application Serial No. 09/717,754, filed on November 21, 2000, for a 
PASSIVELY PUMPED LIQUID FEED FUEL CELL SYSTEM, which is commonly 
owned by the assignee of the present invention, and which is incorporated by reference 
herein in its entirety. Another method of utilizing the carbon dioxide is described in 
United States Patent Application Serial No. 09/837,831, filed on April 18, 2001, for a 
METHOD AND APPARATUS FOR C02-DRIVEN AIR MANAGEMENT FOR A 
DIRECT OXIDATION FUEL CELL SYSTEM, which discloses a method of using car- 
bon dioxide to actively draw more air to the cathode face of the protonically conductive 
membrane, thus ensuring that sufficient oxygen is available to continue the cathodic re- 
action as necessary, and to minimize energy loss from Oxygen transportation. 
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Fuel cells and fuel cell systems have been the subject of intensified recent devel- 
opment because of their ability to efficiently convert the energy in carbonaceous fuels 
into electric power while emitting comparatively few environmentally harmful sub- 
stances. The adaptation of fuel cell systems to mobile uses, however, is not straightfor- 
ward because of the technical difficulties associated with reforming most carbonaceous 
fuels in a simple, cost-effective manner, and within acceptable form factors and volume 
limits. Further, a safe and efficient storage means for substantially pure hydrogen (which 
is a gas under the relevant operating conditions), presents a challenge because hydrogen 
gas must be stored at high pressure and at cryogenic temperatures or in heavy absorption 
matrices in order to achieve useful energy densities. It has been found, however, that a 
compact means for storing hydrogen is in a hydrogen rich compound with relatively 
weak chemical bonds, such as methanol or an aqueous methanol solution (and to a lesser 
extent, ethanol, propane, butane and other carbonaceous liquids or aqueous solutions 
thereof). Efforts to develop DMFC systems commercially have increased over the past 
several years. 

In particular DMFCs are being developed for commercial production for use in 
portable electronic devices. Thus, the DMFC system, including the fuel cell, and the 
components must be fabricated using materials that not only optimize the electricity- 
generating reactions, but which are also cost effective. Furthermore, the manufacturing 
process associated with those materials should not be prohibitive in terms of labor inten- 
sity cost. 

Typical DMFC systems include a fuel source, fluid and effluent management 
systems, and a direct methanol fuel cell ("fuel cell"). The fuel cell typically consists of a 
housing, anode and cathode flow field plates, anode and cathode diffusion layers, and a 
membrane electrode assembly ("MEA") disposed within the housing. 

A typical MEA includes a centrally disposed protonically conductive, electroni- 
cally non-conductive membrane ("PCM"). The membrane is typically coated on each 
face with an electrocatalyst such as platinum, or platinum/ruthenium mixtures or alloy 
particles. On either face of the catalyst coated PCM, the electrode assembly typically in- 
cludes a diffusion layer. The diffusion layer functions to evenly distribute the liquid fuel 
across the anode in the case of the fuel or the gaseous oxygen across the cathode face of 
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the PCM in the case of the oxygen. In addition, flow field plates are often placed on the 
surface of the diffusion layers which are not in contact with the coated PCM. The flow 
field plates function to provide mass transport of the reactants and by products of the 
electrochemical reactions, and act to collect and conduct electrons through the load. 

As noted, the DMFC produces carbon dioxide as a result of the anodic reaction at 
the anode. If carbon dioxide is allowed to accumulate, the pressure within the DMFC 
system may cause the system to fail mechanically. It is well known in the art that anodi- 
cally evolved carbon dioxide must be removed from the system. Alternatively, this car- 
bon dioxide can be used to drive other aspects of the system. However, in order for it to 
be used, the carbon dioxide be separated from the remaining, unreacted methanol fuel 
mixture before such fuel is re-circulated. 

It has been known to provide a gas separator to remove the CO 2 from the anodic 
effluent of a liquid feed direct oxidation fuel cell. However, presently available gas sepa- 
rators suitable for use in DMFC systems are membrane-based or mechanical in nature, 
and may be difficult to incorporate into present designs or within desirable form factors. 
The membrane-based devices require pressures greater than those found within a DMFC 
system to operate effectively. Mechanical gas separators may only function effectively in 
a single orientation with respect to gravity, and thus may not be suitable for use in port- 
able electronics and other electronic tools that need a certain level of orientation inde- 
pendence. 

There remains a need, therefore, for a gas separator for use with a liquid feed, di- 
rect oxidation fuel cell that does not require high pressures for its operation, and that is 
orientation independent. 

It is thus an object of the present invention to provide an apparatus that separates 
anodically-produced CO 2 from anodic effluent in a direct oxidation fuel cell. It is an- 
other object of the invention to provide a gas separation device that allows for capture of 
the anodically-separated CO 2 so that it can be used for other purposes within in the cell. 
It is a further object of the invention to allow un-reacted aqueous methanol, for example, 
to be re-circulated in the cell. 
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It is yet a further object of the invention that we provide a fuel cell, having a gas 
separation device, that operates effectively independent of its physical orientation. It is a 
further object of the invention to provide a gas separation device that can operate without 
the necessity of high pressure conditions. 

SUMMARY OF THE INVENTION 

The present invention is a flow through gas separation apparatus for a direct oxi- 
dation fuel cell system that incorporates a porous hydrophobic conduit having an inlet 
end into which anodic effluent flows. The surface tension created by the hydrophobic 
material retains the fuel mixture in the hydrophobic conduit, while backpressure, whether 
created by the aspect ratio of the hydrophobic conduit or which is created as the fuel 
mixture passes through a hydrophilic passageway, causes the carbon dioxide gas of the 
effluent to be driven through the porous openings of the conduit while un-reacted fuel 
and water mixture remains in the gas separator, and ultimately exits the flow through gas 
separation apparatus for re-circulation. The gas separation apparatus operates at ambient 
pressure and independent of orientation of the device with which it is used. 

A number of embodiments of the invention are described herein, each which are 
suited for particular applications. For example, in accordance with one embodiment of 
the invention, the inlet end of the gas separator may be in direct communication with the 
DMFC system, possibly near a pump which recirculates the unreacted aqueous fuel solu- 
tion to the DMFC. In such a case, the conduit may be bent in a U-shape or other desired 
configuration in order to make the appropriate connections within the fuel cell system. 
Alternatively, the gas separation apparatus may incorporate a conduit having a coiled 
configuration to both provide a tortuous path, to create slight backpressure, and a high 
surface area which aides in the amount of carbon dioxide recovered from the anode efflu- 
ent while consuming a small volume. The form factors involved in certain devices may 
allow only a small space for the gas separation apparatus. 

A conical-shaped embodiment can reduce volume while increasing lateral pres- 
sure to remove additional carbon dioxide, as may be desirable in a particular application. 
A T-junction or tube-in-tube assembly could also be used to direct the C02 flow towards 

5 

H:\107V044\0010\PROSECUT\patapp2.doc 06/14/01 10:42 AM 



PATENT 
107044-0010 

another component in which it is to be recycled in a particular manner within the direct 
oxidation fuel cell system. It is further possible to arrange a series of such gas separators 
in series within a conduit in a DMFC system. 

In addition, it is possible to coat at least a portion of the gas separator with a 
catalyst to oxidize any extraneous methanol vapor before it is released to the ambient en- 
vironment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention description below refers to the accompanying drawings, of which: 

Fig. 1 is a schematic block diagram of the direct oxidation fuel cell system with 
which the gas separation apparatus of the present invention may be employed; 

Fig. 2 is a schematic cross section of one embodiment of the gas separation appa- 
ratus of the present invention; 

Fig. 3 is a schematic cross section of the coupling of the gas separation apparatus 
of the present invention with the anode chamber of an associated direct oxidation fuel 
cell; 

Fig. 4 is a schematic illustration of one embodiment of the present invention with 
a U-shaped conduit; 

Fig. 5 is a schematic cross section of one embodiment of the present invention 
with a coiled configuration; 

Fig. 6 is a schematic cross section of the series embodiment of the present inven- 
tion; 

Fig. 7 is a schematic illustration of the T-junction or tube-in-tube embodiment of 
the present invention; and 

Fig. 8 is a schematic cross section of another embodiment of the present invention 
in which the outlet end has a conical shape. 
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DETAILED DESCRIPTION OF AN ILLUSTRATIVE 

EMBODIMENT 

For a better understanding of the present invention, a system with which the gas 
separator of the present invention may be utilized will be described. Fig. 1 illustrates a 
direct oxidation fuel cell system 2. The fuel cell system 2 includes a direct oxidation fuel 
cell, which may be a direct methanol fuel cell 3 ("DMFC"), for example. For purposes of 
illustration we herein describe an illustrative embodiment of the invention with DMFC 3, 
with the fuel substance being methanol or an aqueous methanol solution. It should be 
understood, however, that it is within the scope of the present invention can be readily 
used with other fuels, and other direct oxidation fuel cells that utilize other fuels. Thus, 
as used herein, the word "fuel" shall include methanol, ethanol, propane, butane or com- 
binations thereof and aqueous solutions thereof, and other carbonaceous fuels amenable 
to use in direct oxidation fuel cell systems. 

The system 2, including the DMFC 3, has a fuel delivery system from fuel source 
4. The DMFC 3 includes a housing 5 that encloses a membrane electrode assembly 6 
(MEA). MEA 6 is constituted from a protonically conductive, but electronically noncon- 
ductive membrane (PCM) 7 which may, for example be comprised of NAFION (a reg- 
istered trademark of E.I. DuPont de Nemours and Co.). The membrane electrolyte has 
an anode face 8 and cathode face 10, and is disposed in such a fashion as to separate the 
anode and cathode chambers within the DMFC housing 5. The portion of DMFC 3 de- 
fined on the anode side is referred to herein as the anode chamber 12. The portion of 
DMFC 3 defined on the cathode side is referred to herein as the cathode chamber 14. 
The anode 8 and cathode 10 are coated with an appropriate catalyst layer, typically plati- 
num or a blend of platinum or ruthenium. A diffusion layer is then typically used on ei- 
ther side of the MEA, the diffusion layer is typically fabricated from carbon paper or car- 
bon cloth. The DMFC 3 may also include flow field plates (not shown in Fig. 1), which 
serve to assist in the mass transport of the reactants and by products, and which may act 
as electrodes across which a load 20 is connected. 

As will be understood by those skilled in the art, electricity-generating reactions 
occur when the fuel substance is introduced to the anode face of the PCM in the presence 
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of a catalyst, while oxygen, preferably in the form of ambient air, is available in the pres- 
ence of a catalyst at the cathode face of the PCM. Specifically, an aqueous methanol so- 
lution or other carbonaceous fuel from fuel source 4 is delivered by pump 24 to the anode 
chamber 12 of the DMFC 3. The fuel mixture may pass through the channels positioned 
on the flow field plate, and pass through the diffusion layer, at which point it is intro- 
duced to the PCM, in the presence of catalysts on the membrane surface (or which are 
otherwise present) to enable direct oxidation of the fuel mixture on the anode 8 of the 
DMFC 3. This separates the hydrogen protons and electrons from the fuel and water 
molecules. Upon the closing of a circuit, the protons pass through the PCM, which does 
not conduct electrons. Because the PCM is nonconductive to electrons, the free electrons 
thus seek a different path to reunite with the protons, and thus travel through load 20, 
providing electrical power. So long as the reactions continue, a current is maintained 
through the external circuit's load 20. Direct oxidation fuel cells produce water H 2 O, 
but also carbon dioxide CO 2 from the reaction, because of the presence of carbon in the 
original fuel. 

The overall electrochemical processes of a DMFC are as follows: 
Anode: CH 3 OH + H 2 0 = C0 2 + 6H + + 6e" 

Equation 1 

Cathode: 6H + + 6e" + 0 2 = 3H 2 0 

Equation 2 

Net Process: CH 3 OH + 3/2 0 2 - C0 2 +2H 2 0 

Equation 3 

The anodically evolved carbon dioxide is in gaseous form, and must be separated 
from the anodically-produced effluent solution, which is composed of un-reacted metha- 
nol and water and CO 2 . This is done using the gas separator 25 of the present invention. 
Carbon dioxide is separated from the anodic effluent and is vented or captured for use 
within the system. If the carbon dioxide is not vented or otherwise removed, pressure 
will build up within the system, which may compromise the system if left unchecked. 
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Optimal DMFC performance will result if substantially all of the carbon dioxide is re- 
moved from the anodic effluent solution. 

After the carbon dioxide is separated from the anodic effluent, the un-reacted 
methanol and water solution is re-circulated to the anode chamber 12 of the DMFC 3 for 
reaction, via pump 24 (where addition fuel and/or water may be added to replenish the 
fuel mixture), liquid effluent conduit 26 and fuel mixture conduit 28. Similarly the cath- 
ode effluent is removed from the cathode chamber 14 as depicted by cathode effluent 
conduit 32. Cathode effluent is passed through a water collector 36 or other device that 
allows for the collection of water from the cathode effluent, and cathodically generated 
water is re-circulated, via water return conduit 40. 

A flow through gas separator in accordance with the present invention is illus- 
trated and described in greater detail in Fig. 2. The gas separator 250, which is also re- 
ferred to herein as a gas separation apparatus, includes a conduit component 252 com- 
prised substantially of a porous hydrophobic material. This material may be, but is not 
limited to, sintered or expanded Teflon or PTFE. In addition, the walls 253 of the con- 
duit component 252 are porous, and thus create a path for gas to escape through the walls 
of the conduit component 252. Liquid effluent will not be able to escape, due to the hy- 
drophobic nature of the conduit component. 

The conduit component 252 has a first, generally hollow inlet end 254. (The con- 
duit component is also referred to herein as a "conduit"). The inlet end 254 is coupled 
with the anode chamber 12 of DMFC 3, as illustrated in Fig. 3. The anode effluent mix- 
ture from the anode chamber 12 is introduced into the inlet end 254 of the conduit com- 
ponent 252. 

An outlet end 256 is fabricated in a fashion that permits liquid effluent to pass 
therethrough, albeit slowly enough to create backpressure within the conduit 252. This 
may be accomplished by treating the outlet end 256 of the conduit 252 in a manner that 
renders it hydrophilic, or mechanically coupling a hydrophilic component to the outlet 
end of the conduit 252, thus creating a hydrophilic "passage" within conduit 252. The 
passage 260 is preferably fabricated from a hydrophilic material, which may include, 
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without limitation, hydrophilic polyethylene. The effluent mixture is attracted to the hy- 
drophilic material. 

Alternatively, if the aspect ratio of the conduit 252 is sufficiently small, the hy- 
drophilic component 260 of the outlet end may be eliminated and backpressure may be 
created due to the surface tension generated by the porous, hydrophobic material. In this 
instance, the surface tension created will act in a similar fashion as the hydrophilic com- 
ponent, and will similarly cause carbon dioxide to be expelled. 

In operation, when anode effluent comprised of unreacted methanol, water, and 
carbon dioxide, is introduced into inlet end 254 of the gas separator 250, it flows freely 
from the inlet end 252 towards the outlet end 256. Upon coming into contact with the 
outlet hydrophilic material, the flow of the anodic effluent is limited, creating backpres- 
sure within the gas separator 250. The walls 253 of the conduit component 252 are fabri- 
cated substantially of a hydrophobic material, they will not absorb the water in the efflu- 
ent. This, in combination with the backpressure created by the passage 260 at the outlet 
end 256, in effect pushes the anode effluent and carbon dioxide gas against the porous 
hydrophobic material of the walls 253. The liquid effluent of unreacted fuel and water, 
does not escape via the tortuous path due to the surface tension of the hydrophobic nature 
of the material. This causes the carbon dioxide gas to be separated out from the effluent 
mixture as it passes through porous walls 253 of the conduit 252. The liquid portion of 
the effluent passes through the passage 260, and is recirculated within the DMFC system. 

In this manner, the CO 2 is separated from the liquid effluent mixture, and is 
vented (preferably to the external environment) or is captured for other uses within the 
system 2. The remaining liquid anodic effluent is then recirculated and the fuel and water 
concentrations in the fuel mixture may be adjusted to provide the DMFC 3 with optimal 
fuel concentrations. It should be understood that the gas separator 250 of the present in- 
vention may be mechanically coupled with the anode chamber 12 as illustrated in Fig. 3, 
or it may be coupled with a conduit leading from the anode chamber 12, as desired in a 
particular application. 

Those skilled in the art will recognize that hydrophobic porous materials, such as 

expanded or sintered Teflon or PTFE, are malleable, and easily formed or shaped, and as 
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such may be formed into a virtually infinite number of shapes and configurations. Thus, 
it is possible to bend, coil, form, or otherwise configure the gas separator in order to pro- 
vide for orientation independence. It should be further understood that the actual shape 
of the gas separator components may vary widely from the embodiments illustrated 
herein: for example, the inlet end may be wider than the outlet end, causing a greater vol- 
ume of gas to be collected from the anode chamber, as may be desired in a particular ap- 
plication. 

Fig. 4 illustrates another embodiment of the flow through gas separator 250 of the 
present invention. The embodiment of Fig.4 has inlet portion 400, which leads out of the 
anode chamber of the fuel cell (not shown in Fig.4). The inlet portion 400 is coupled 
with the hydrophobic conduit 402. In the embodiment of Fig. 4, hydrophobic conduit 
402 has a U-shape. The U-shape is one example of how the conduit 400 may be shaped 
to fit a certain application requirement. The U-shape provides design flexibility so that 
the gas separator 250 may be connected to other fluidic components of the DMFC system 
that are not contiguous to the fuel cell. The gas separator 250 of the present invention is 
adaptable so that the conduit 400 may be shaped to conform to the form factors and space 
constraints of the device in which it is used. The U-shape also provides orientation inde- 
pendence to the gas separation function since the U-shape allows gas to rise in relation to 
gravity, and escape from conduit 400 in any number of orientations. 

Fig. 5 illustrates another alternative embodiment of the invention in which the gas 
separator 250 has inlet end 500 coupled with a coiled hydrophobic conduit 502 which is 
then coupled to outlet end 504. The coiled configuration allows the anode effluent to be 
exposed to a greater surface area of hydrophobic material, while the gas separator as a 
whole consumes less space in the electronic component being powered by the cell. This 
may be of importance in a small, hand held device. The coiled configuration also pro- 
vides gas separation over a wide range of orientations. 

Fig 6 illustrates (in exploded view) yet another alternative embodiment of the in- 
vention in which a plurality of hydrophobic conduit components 606a, 606b and 606c, 
for example, are placed along a duct 607. The series of conduits 606a - 606c increases 
the amount of CO 2 that can be separated out and recovered from the liquid anode efflu- 
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ent. The outer duct can be fitted with devices to capture the CO 2 . This is shown with 
greater particularity in Fig. 7. A junction fitting 700 can be placed at an appropriate lo- 
cation along the duct 607 (Fig. 6), or in other embodiments of the invention. The T- 
junction fitting 700 or a tube-in-tube fitting (designated in phantom in Fig. 2, reference 
character 262), is used with a gas separator 750 constructed in accordance with the pres- 
ent invention, and having an inlet end 752, and outlet end 756 with hydrophilic compo- 
nent 760. As carbon dioxide is separated out through the tortuous path of the conduit 
walls of the gas separator 750, it is directed by T-junction (or tube in-tube) fitting 700 via 
its opening 766 and ultimately through pipe 770 for capture and release into the environ- 
ment or re-circulation to another component of the fuel cell system. It should be under- 
stood that by encapsulating the gas separator as set forth in any embodiment of this in- 
vention, it is possible to capture the evolved carbon dioxide. 

Fig. 8 illustrates another embodiment of the invention in which a flow through gas 
separator 850 has an inlet end 852 and an outlet end 856 with hydrophilic component 
860. In this embodiment, the outlet end 856 is conically-shaped. The cone-like shape 
reduces the volume at the outlet end 856 and in turn increases the pressure within the gas 
separator 850. This may be desirable in a particular application, depending upon the de- 
vice with which the gas separator of the present invention is used. This embodiment may 
also be implemented without the use of hydrophilic component, relying on the surface 
tension created as well as the narrowing aspect of gas separator 850 to create the neces- 
sary backpressure to cause the gas to separate. 

It is a further aspect of the invention to apply a catalyst, such as platinum or a 
platinum and ruthenium blend, to the surface or such other portion of the gas separator in 
order to oxidize any extraneous methanol that may escape from the liquid effluent in va- 
por form, or methanol that is carried with the carbon dioxide vapor in order to avoid the 
unintended release of methanol into the environment. The catalyst may be applied to the 
gas separator directly, thus oxidizing any methanol vapor as it is separated from the an- 
ode effluent mixture. Alternatively, the methanol vapor may be oxidized following its 
separation, by coating a high surface area component which is placed in a location which 
will maximize the opportunity to expose the methanol to a component. One solution is to 
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provide a catalyst coating, such as a coated screen 776 (Fig. 7) along the vent 770 which 
directs the carbon dioxide out of the gas separator. Contact with the catalyst in the pres- 
ence of oxygen causes the instantaneous oxidation of any stray methanol vapor 

It should be further understood that the gas separator of the present invention 
might be used with a variety of fuel cell designs including planar designs as well as 
stacked fuel cell assemblies. 



What is claimed is: 
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